Introduction
The 1,2-difunctionalisation of alkenes with heteroatoms is a powerful organic transformation to preparem olecules with diverse new functionalities.
[1] These functionalised hetero molecules can be used further to investigate prominentb iological activitiesa swell as in the synthesis of chiral reagents and natural products. Vicinal difunctionalisation of alkenes and amination reactions mainly dependo nt ransition metal catalysis, hypervalent iodine reagents andp hotocatalysis. [2] [3] [4] [5] The wellknown Sharpless asymmetric aminohydroxylation and dihydroxylation [6] catalysed by osmium metal is af amous route for difunctionalisation of alkenes and this method has been followed several decades. Palladium catalysts have been used for intramolecular aminationso fu nfunctionaliseda lkenes to the synthesis of bicyclic ureas [Eq. (1)]. [7] Progressh as been made in the application of expensive Pt [8a] and Ag [8b] catalysts or by using excessa mounts of Lewis acids [9] [Eq. (2)] to synthesise fused bicyclic isoureas through intramolecular amino-oxylation of alkenes. In 2015, Shi et al. reported the efficient chemoselective synthesis of ureas and isoureas in high yields by controlling O/N nucleophilic addition in urea-tethered alkenes by using PhI(OAc) 2 as the oxidant in the presence of Pd or Cu catalyst [Eq. (3)]. [10] Amination and functionalisation of unactivated alkenes in synthesis is ac ontinuing challenge. Several reagents and reagentc ombinationsh ave been developed for such reactions, but most of them are dependento no xidants and catalysts. Moreover,e lectrochemical intramolecular amination of urea-tethered terminala lkenes hasn ot been reported. [11] However,af ew cyclisationreactions have been reported employing allylcarbamates and amides as the substrates.
[11b-f] Xu et al. have been involved in developing sustainable CÀNb ond-forming reactions by employing electrochemically generated nitrogen-centred radical (NCR) intermediates. Difunctionalisation of av arietyo fa lkenes with carbamates/amides and TEMPO affords aminooxygenation products in good yields.
[11b] Furthermore, they envisioned this approachf or electrochemical intramolecular oxidative amination reactionofhindered tri-and tetrasubstituted alkenes to synthesis alkene-bearing cyclic carbamates, ureas and lactams [ Eq. (4) ].
[11a] Wirth et al. developed an electrochemical flow method for the intramolecularo xidative amination of alkenes with TEMPO. They have demonstrated the facile synthesis of amidyl radicals used in intramolecular hydroaminations to produce isoindolinones.
[11c] The electrically catalysed organic reactions occur at the interface of electrodes and an electrolyte. These reactions serve as powerful methods for the synthesis of complex organic molecules as they provide for an easy generation of highly reactive species, even under very mild conditions, and can be consequently appliedi n green chemistry. [12] Cyclic ureas are heterocyclic motifs frequently observed in biologically active molecules.
[13] They are also involvedi ni mportant organic transformations and are important precursors for the synthesis of vicinal diamines and amino alcohols. [14] Despite their extensive utility,t he development of an ew method allowing efficient preparationo ft heseh eterocyclesc ontinues Facile intramolecular aminationo fu nactivated alkenes has been achieved by using electricity as ac atalyst that helps to generatea ni ntermediate and accelerates formation of cyclic ureas in high yields. Using this method, no metal catalysts were used. During electrolysis,anitrogen radicalw as formed at the urea substrate that cyclised with the alkene and generated at erminal carbon radicalw hich further formed ab ond with the 2,2,6,6-tetramethylpiperidine-N-oxyl radical (TEMPO). This methodo fe lectrolysis not only gives cyclic ureas but also functionalises terminal unactivated alkenes. This method can be considered to be environmentally friendly given that it avoids the issues of toxicity or complicated metal ligands and could therefore be potentially employed in green chemistry.
to be as timulating challenge in organic synthesis. Herein,w e have developed an electrochemical method for difunctionalisation of urea-tethered alkenes and report an economic, environmentally friendly controlled intramolecular amination. This methoda llows the construction of cyclic ureas in high yields from urea nucleophiles [Eq. (5)].I nt his electrochemical reaction, the addition of the anodically generated nitrogen radical [15] to at ethered alkene leads to an ew terminal carbon radical, which is trapped with 2,2,6,6-tetramethylpiperidine-N-oxyl radical( TEMPO) to afford the final cyclic urea. This electrochemicalm ethod precludes the use of stoichiometricq uantities of chemicalo xidants. The interception of this carbon radical with at rapping reagent (TEMPO) [1f] would also lead to difunctionalisation of the alkene. Since no second oxidation would be required in such as ituation, the reactionm ight work with an unactivated olefin.
Result and Discussion
N-allylicu rea 1a was used as the first example and submitted to electrochemical difunctionalisation. The reactionw as run at 60 8Ca nd ac onstant current of 10 mA in at hree-necked round-bottom flask equipped with ar eticulated vitreous carbon (RVC) anode and ap latinumw ire cathode. As olution of 0.1 m Bu 4 NBF 4 in CH 3 CN/H 2 O( 19:1 v/v) was used as the supporting electrolyte and 1.5 equivalents of TEMPO were included. After 1.8 Fmol À1 of electricity was passed through the electrolysis process, the precursor was consumed and the desired product 2a was isolatedi n8 3% yield (Scheme1). 1.1 equivalents of Na 2 CO 3 was used as abase in this reaction.
After setting optimised conditions in electrolysis, the substrate scope was examined on the anodically catalysed difunctionalisation of alkenes. The NH-phenyl ring of 1a wasm odified with variousf unctional groups to investigate their effects on alkene difunctionalisation.A ll substrates were synthesised in high yields (Scheme 2, Figure 1 ). For their synthesis, allylamine (3,1 .1 equiv)w as added to as tirred solution of correspondinga ryl isocyanate (4,1 .0 equiv) in dry CH 2 Cl 2 (DCM) at 0 8Ca nd then reaction was allowed to warm to room temperature and stirred for 4hto obtain the desired urea substrate 1. The substrate bearing functional groups,s uch as mono-and di-substituted Me, MeO, CF 3 ,N O 2 ,fluoro and benzyl, could proceed smoothly in the electrochemical system (see Ta ble 1, 2a-e, 2i,j). The introduction of at osyl and naphthyl groups, however,l ed to dissatisfactoryr esults, which wasp robably caused by the decomposition of the product 2f-h during the electrolysis (Table 1) or due to the steric hindrance of bulky tosyl and naphthylg roups which block the addition of TEMPO radical to form ab ond at the terminal carbon radical of alkenes. The other possible reason could be the failure of 1f-h to cyclise due to the difficulty in forming the requisite nitrogen radical.
The possible mechanism for the electrosynthesis was proposed using urea substrate R (Scheme 3). The process originates from anodic oxidation of TEMPO to oxoammonium ion, and cathodic reduction of water (H 2 O) to hydroxide (OH À )a nd H 2 .T hen deprotonation of substrate R by electrogenerated hyScheme1.Difunctionalisation of alkenes. Reaction conditions: 1a (0.35 mmol), TEMPO (0.53 mmol), H 2 O(0.5 mL), CH 3 CN (9.5 mL), 60 8C. 2a was isolated in 83 %y ield.
Scheme2.Substratessynthesis (1a-j). Reactionc onditions: aryl isocyanate (1.0 equiv), dry CH 2 Cl 2 (25 mL),a llylamine(1.1 equiv), 0 8Ctor t, 4h;yields of isolatedproducts are given in Figure 1 . ChemistryOpen 2018, 7,576 -582 www.chemistryopen.org 2018 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim droxide leads to an itrogen-containing anion, which is am uch better electron donor than its neutral precursor.Single-electron transfer (SET) between the nitrogen-containing anion substrate R À and the oxoammonium ion affords the electron-deficient nitrogen-centred radical and regenerates the TEMPO radical molecule. Subsequently,t he nitrogen radical intermediate can cyclise onto the cyclic urea group to give another radical at the terminal carbon that reacts with the TEMPO radical molecule to form the difunctionalised product P.
[11f]
Conclusions
In conclusion, this is af acile and green approacht og enerate a radicala tt he nitrogen centre withoutt he use of expensive metal catalysts and by using only electricity,w hich is economically excellent. Then this nitrogen radical on addition to unactivated/unsubstitutedt erminal alkenes in the presence of TEMPO constitutes ag eneral and mild approacht oa lkene difunctionalisation and construction of cyclic ureas in high yields. In this procedure, TEMPO plays the dual role of redox facilitatora nd in radical trapping. This intramolecular amination of urea-tethered alkenes represents an environmentally friendly method that avoid the issues of toxicityo rt he complicated ligands of many transition-metal-based systems. In this procedure, catalyst-and oxidant-free conditions are used, which deserves significant attention from the viewpoint of green chemistry.
Experimental Section
All the solvent and chemicals were purchased from Sigma Aldrich, Alfa Aesar,A cros Organic and FluoroChem and were used without further purification. All air sensitive reactions were carried out under an argon or nitrogen atmosphere. Thin-layer chromatography (TLC) was performed on pre-coated aluminium sheets of Merck silica gel 60 F254 (0.20 mm) and visualised by UV radiation (254 nm). Automated column chromatography was performed on aB iotage Isolera Four. 1 HNMR and 13 CNMR spectra were measured on Bruker DPX 300, 400 or 500 apparatus. Mass spectrometric measurements were performed by the EPSRC Mass Spectrometry Facility in Swansea University on aW aters Xevo G2-S and on a Scheme3.Proposed mechanism for alkene difunctionalisation. ChemistryOpen 2018, 7,576 -582 www.chemistryopen.org 2018 The Authors. Publishedb yWiley-VCH Verlag GmbH &Co. KGaA, Weinheim Thermo Scientific LTQO rbitrap XL machine for high-resolution mass spectroscopy (HRMS). The electrochemical reactions were carried out in ag alvanostatic mode using aG WINSTEK GPR-30H10D.
General Procedure for the Preparation of Allyl Ureas
To as tirred solution of an aryl isocyanate (1.0 equiv) in dry CH 2 Cl 2 at 0 8Cu nder N 2 ,t he corresponding allylamine (1.1 equiv) was added. The reaction was allowed to warm to room temperature and stirred for 4hours. The reaction mixture was then diluted with CH 2 Cl 2 ,w ashed with water,H Cl (1 N), NaHCO 3 (sat.) and brine, dried with anhydrous MgSO 4 .T he mixture was filtered, and the filtrate was concentrated under vacuum. The residue was purified through silica gel flash chromatography (eluents:h exanes and ethyl acetate).
GeneralP rocedure for the Electrolysis
The substrate (0.35 mmol, 1equiv), TEMPO (0.53 mmol, 1.5 equiv), Bu 4 NBF 4 (1.0 mmol), Na 2 CO 3 (0.39 mmol, 1.1 equiv) were placed in a2 5mLt hree-necked round-bottom flask equipped with aR VC anode and ap latinum wire cathode. The flask was flushed with argon. Acetonitrile (9.5 mL) and water (0.5 mL) were added. The resulting mixture was sonicated for 0.5 min. The electrolysis was carried out at 60 8Ca nd ac onstant current of 10 mA until complete consumption of the substrate (monitored by TLC or 1H NMR). The reaction mixture was cooled to RT.W ater (25 mL) and ethyl acetate (25 mL) were added. The phases were separated and the aqueous phase was extracted with ethyl acetate (2 25 mL). The combined organic solution was dried over anhydrous MgSO 4 and concentrated under reduced pressure. The residue was chromatographed through silica gel eluting with ethyl acetate/hexanes to give the product. Automated column chromatography was also performed on aBiotage Isolera Four for purification of few products. 40, 142.76, 141.87, 134.70, 131.16, 130.83, 130.51, 130.19, 129.95, 128.01, 127.36, 125.23, 122.52, 119.70, 117.33, 114.81, 114.77, 52.71 39, 146.67, 141.86, 141.31, 134.29, 129.88, 128.17, 127.61, 124.43, 118.39, 116.62, 52.46 34, 140.80, 133.24, 130.37, 128.63, 128.38, 118.12, 77.47, 77.04, 76.62, 52.89 02, 142.01, 137.82, 134.89, 134.11, 129.84, 129.82, 128.21, 127.91, 127.40, 127.29, 127.11, 126.08, 123.99, 120.46, 116.28, 114.85, 52.17 73, 143.89, 140.53, 137.78, 133.43, 129.72, 129.10, 128.28, 128.26, 127.85, 117.12, 52.32, 20.65 92, 141.79, 139.63, 134.62, 133.92, 130.99, 129.89, 128.71, 128.23, 127.91, 127.50, 126.28, 125.70, 125.17, 123.65, 122.09, 116.89, 52.32, 46.28, 21.94 154.80, 143.04, 137.84, 135.34, 131.35, 129.76, 129.12, 127.46, 126.53, 120.44, 116.87, 52.29, 20.79 (s, 1H), 7H), 2H), 5.88 (ddd, J = 22.6, 10.6, 5.5 Hz, 1H), 5.11( ddd, J = 13.7, 11.4, 1.3 Hz, 2H) , 4.31 (d, J = 5.5 Hz, 2H)3 .68 ppm (s, 3H);
1-Allyl-1,3-diphenylurea (1 a)
13 CNMR (126 MHz, [D 6 ]DMSO) d = 154.98, 143.07, 135.41, 133.41, 129.74, 127.49, 126.47, 122.31, 116.83, 113.91, 55.59, 52.28 1,3-Diphenyl-4-(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)imidazolidin-2-one (2 a)
White crystalline solid, mp = (133.4-134.7) 8C; 1 HNMR (300 MHz, DMSO) d = 7. 66-7.46 (m, 4H), 7.35-7.17 (m, 4H), 7.05-6.83 (m, 2H), 4.84-4.50 (m, 1H) 154.88, 140.63, 139.09, 129.18, 128.97, 123.80, 122.69, 121.41, 117.98, 75.55, 59.93, 59.72, 51.60, 45.47, 33.22, 32.54, 19.91, 16.87 65, 141.84, 139.61, 130.40, 128.98, 128.49, 125.97, 125.92, 125.47, 125.04, 123.41, 122.44, 120.13, 118.48, 118.34, 75.80, 60.03, 51.37, 45.80, 39.57, 33.02, 32.82, 20.03, 19.86, 16.90 27, 141.82, 139.99, 131.57, 131.24, 128.71, 125.01, 122.99, 122.30, 120.21, 120.18, 118.07, 115.49, 115.45, 115.41, 76.90, 59.71, 59.59, 51.19, 45.37, 39.46, 39.45, 32.51, 32.16, 19.21, 19.07, 16.65 3-(4-Nitrophenyl)-1-phenyl-4-(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)imidazolidin-2-one (2 d) 145.84, 142.01, 140.03, 128.72, 124.35, 123.02, 118.76, 118.18, 75.61, 59.80, 59.61, 51.41, 45.44, 39.49, 32.74, 32.13, 29.74, 19.30, 19.23, 16.66, 12.99 3-(Perfluorophenyl)-1-phenyl-4-(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)imidazolidin-2-one (2 e)
White crystalline solid, mp = (118-120) 8C; 1 HNMR (300 MHz, Acetone) d = 7.57-7.50 (m, 2H), 7.28-7.19 (m, 2H), 7.00-6.91 (m, 1H), 4.68-4.51 (m, 1H), 4.20 (t, J = 9.5 Hz, 1H), 4.05-3.95 (m, 1H), 3.88 (dd, J = 10.3, 3.3 Hz, 1H), 3.66 (dd, J = 9.4, 7.1 Hz, 1H), 1.34-1.07 (m, 6H), 0.96 (s, 3H), 0.92 (s, 3H), 0.77 (s, 3H), 0.57 ppm (s, 3H), 13 CNMR (75 MHz, Acetone) d = 153.96, 139.94, 128.74, 122.89, 117.52, 79.52, 59.57, 59.54, 53.12, 45.43, 39.41, 39.32, 32.59, 32.24, 26.63, 18.87, 18.70, 16.66 ppm, 19 FNMR ( 11, 140.73, 138.89, 129.44, 123.90, 122.78, 121.27, 117.60, 75.80, 59.72, 51.60, 45.32, 33.59, 32.19, 21.49, 20.34,17.08 3-(4-Methoxyphenyl)-1-phenyl-4-(((2,2,6,6-tetramethylpiperidin-1-yl)oxy)methyl)imidazolidin-2-one (2 j) 154.29, 140.43, 138.89, 129.72, 129.44, 123.51, 122.78, 120.54, 118.41, 76.50, 59.99, 55.61, 51.24, 45.32, 33.22, 32.19, 19.63, 16.38 .
